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A Dual Planar Reflectarray With Synthesized Phase
and Amplitude Distribution

Ralf Leberer and Wolfgang Menzel, Fellow, IEEE

Abstract—A quasi-planar reflector arrangement for generating
an arbitrary phase and amplitude distribution in the antenna aper-
ture and thus a wide range of far field patterns is presented. A par-
allel pair of reflectarrays is used. One is implemented as a standard
reflectarray using rectangular patches on a microwave substrate
with metallized backside. The other reflectarray is provided with
a polarizing grid, which acts as a ground plane for one polariza-
tion and is transparent for the orthogonal polarization. An offset
rectangular feed horn is embedded in the lower reflectarray to il-
luminate the upper reflector. A design procedure for a linear po-
larized antenna with a sector beam in the azimuth and a narrow
beam width in the elevation is presented and is verified with mea-
surement results.

Index Terms—Array signal processing, millimeter wave antenna
arrays, multireflector antennas, planar arrays, shaped beam an-
tennas.

I. INTRODUCTION

I
N the last decade the interest in reflectarrays has increased

significantly. Standard technologies are used to produce low-

cost planar reflectors with good reproducibility. Low weight,

easy mounting, and small reflector thickness make them attrac-

tive for a wide range of applications. In [1]–[3], shaped-beam

planar reflector antennas have been presented for coverage of

the European, South American, or Australian continent, respec-

tively. Various planar reflectors with frequency-selective sur-

faces have been used in [4] to modify the polarization and beam

shape of sector and omnidirectional antennas in the 60 GHz

band. A local multipoint distribution service base-station an-

tenna with sectorial cosecant squared beam has been presented

in [5] using a multilayer folded reflectarray.

All these shaped-beam antennas use phase-only control to

generate a desired pattern in the far field of a planar reflectarray,

while the amplitude distribution along the array is prefixed by

the feeding element. Since commonly waveguide horns are used

to illuminate the reflectarray, the variation of the array amplitude

distribution is very limited and has to be accepted to be inflex-

ible. The use of an additional subreflector does not improve the

flexibility significantly, as subreflectors are usually electrically

small and the radii of curvature limited. Moreover, the side lobes

and gain are affected by subreflector blocking.

In this paper, a dual planar reflector combination is used to

control, in addition to the phase, the amplitude distribution in the
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Fig. 1. Cross-section of a dual-reflectarray setup.

aperture of a two-dimensional reflectarray. With this additional

degree of freedom, the complex amplitude distribution in the

reflector aperture can be optimized for the shape of even more

complex radiation patterns, low side lobes, and high antenna

gain, and the influence of fabrication tolerances can be reduced.

The combination of the feed and the upper reflector forms

a reflectarray with fixed amplitude distribution, as known from

conventional reflectarrays. Using instead a semitransparent re-

flectarray and combining it with a second reflectarray, new pos-

sibilities for beam forming with arbitrary phase and amplitude

distribution arise.

II. BASIC PRINCIPLE OF THE DUAL REFLECTOR COMBINATION

The basic cross-section of a dual-reflectarray antenna is

sketched in Fig. 1 The setup is in principle similar to a folded

reflector antenna [6]–[8] and differs only in the polarizing grid

or the upper reflector, respectively. It consists of a waveguide

horn, the upper reflector with polarizing grid, and the lower

reflector. The radiation from the feed is polarized in such a way

that it is reflected by the upper dual-layer reflector. There is a

printed grid between the two layers and thin patches/dipoles on

the lower side of the upper reflector, which are oriented in the

direction of the grid (Figs. 1 and 2). The overall thickness of

the two substrates is about half a wavelength, so the structure

is (almost) transparent for the orthogonal polarization, which

is hardly affected by the dipoles and the grid. As demonstrated

in [9], the printed grid can be used as a ground plane of the re-

flectarray for the parallel polarization, and the wave is reflected

with a phase that depends on the specific dipole lengths. As

the grid dimensions are capillary compared to the wave length

0018-926X/$20.00 © 2005 IEEE
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Fig. 2. Cell of the upper reflector with a thin dipole and a grid on the substrate
backside, which acts as a ground plane for horizontal polarization and is
transparent for orthogonal polarization.

Fig. 3. Ninety degree twist of polarization using cells with 180 difference in
reflection phases of orthogonal field components.

and to the patch dimensions, the reflection phase of the unit

cell is the same for a ground plane and an appropriate grid. In

this paper, the upper reflectarray is used to modify the direction

of the reflected rays in such a way that the desired amplitude

distribution on the lower reflector is generated.

The lower reflector is made up of a substrate with a ground

plane on the backside and printed rectangular patches on the

upper side. The patch axes of this array are tilted by 45 with

respect to the incident electric field. The electric field vector can

be decomposed into the two components parallel to the patch

axes, and the reflection properties can be determined separately.

The dimensions of the patches are selected in such a way that

a phase difference of 180 occurs between the reflection phase

of these two components. Superposition of the reflected field

components then leads to a twisting of the polarization by 90

(Fig. 3). The necessary 180 reflection phase difference between

the two field components of the reflected wave can be achieved

for a large number of combinations of length and width of the

patches differing by their absolute reflection phase. This degree

of freedom now is used to adjust the required reflection phase

and synthesize the desired phase distribution of the reflected

wave. The reflected wave adjusted in amplitude and phase dis-

tribution passes the upper reflector undisturbed, as the grid is

transparent for this polarization as has been discussed above.

As has been shown in [6]–[8], the polarization twisting with

additional phase adjust can be performed over a wide band-

width (several gigahertz bandwidth at 60 GHz). Compared to a

nontwisting reflectarray with linear polarization, the reflection

phase of a unit cell is theoretically more sensitive to deviations

of the patch geometry or to frequency shifts. Phase errors not

only cause deformations of the phase front but also generate un-

wanted polarization proportions, which could cause undefined

side lobes. Reflection phase errors of the and components

contribute to the overall deviation. These deviations are typi-

cally caused by fabrication tolerances or frequency offsets from

the design frequency. As the errors of both components are usu-

ally about the same size or at least have the same sign, exper-

imental results have shown that the overall error is marginally

higher than with nonfolded reflectarrays.

Fig. 4. Idealized sector characteristic with sector angle ��(� =
sin(��=2)=�; � = sin �=�) and si-shaped amplitude distribution, which is
its Fourier transform.

Fig. 5. Normalized amplitude distribution I on the lower reflector withjsij-distribution along the x axis and cosine taper along the y axis.

III. DESIGN OF A SECTOR-BEAM ANTENNA

A. Complex Amplitude Distribution

The complex amplitude in the antenna aperture can be ob-

tained from the inverse Fourier transform of the far field pat-

tern. Numerous techniques have been presented to optimize this

complex amplitude distribution with respect to tolerances, mal-

function of single elements, the desired far field pattern, and re-

quirements of specifications [10]–[16].

In this paper, a sector-beam antenna with narrow beamwidth

in the elevation is designed. A sector-beam can be described

with a rect-function as shown in Fig. 4 The Fourier transforma-

tion of this distribution is a si-function (si ). For

the designed antenna, a rectangular aperture with a si-shaped

amplitude distribution along the -axis and a cosine-shaped dis-

tribution along the axis is chosen as shown in Fig. 5

si by (1)

with the constants and the coordinates on the lower reflector

(index 1 is used for the upper reflector; index 2 for the lower

reflector). The negative amplitude values are replaced by abso-

lute values but with a phase shift of 180 , which is included in

the phase adjustment of the lower reflector. Thus for the si-dis-

tribution, only the two absolute phase values 0 and 180 have

to be included in the phase adjustment, alternating along the

axis at each zero of the si-function. In case of any other com-

plex amplitude distribution, these values can be synthesized in

the same way. As the dimensions of the reflector are restricted,

in this paper the si-distribution is cut after the fourth zero in pos-

itive and negative direction of the function (Fig. 5).

To minimize the aperture blocking, the feed is placed in a

region in the lower reflector plane with low power density. A

suitable position is the first zero of the si-distribution along the
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Fig. 6. Far field characteristic of the rectangular feed horn in the H- and
E-plane at 58 GHz.

Fig. 7. Reflection of rays at a one-dimensional reflector with
frequency-selective surfaces.

axis. As the desired amplitude distribution is more con-

centrated to the center along the axis than along the axis, a

rectangular feed with smaller beam width in the - plane than

in the - plane is chosen (Fig. 6). Thus the maximum slope of

the reflection phase on the upper reflector is reduced.

B. Law of Reflection for Frequency-Selective Surfaces

Choosing the appropriate reflection phase distribution

of the upper reflectarray, the rays are reflected in

such a way that the amplitude distribution on the

upper reflector, which is originated by the feed illumination,

is mapped to the distribution on the lower reflector

(Fig. 5). The reflection phase for the desired mapping

can be calculated introducing the law of reflection for

frequency selective surfaces.

For a one-dimensional or rotation-symmetrical reflector, the

law of reflection can be derived regarding two rays, which are

reflected on a frequency-selective surface with reflection phases

and , as shown in Fig. 7. For the case , the

incident angle of the rays is not equal to the angle of

the reflected rays . The phases and angles have to fulfill the

condition

(2)

to get constructive superposition of the reflected rays. Assuming

a continuous differentiable reflection phase and ,

(2) can be written as

(3)

For a two-dimensional reflector, the dimension has to be con-

sidered in the same way, and the two equations

(4)

(5)

describe the interrelationship between the incident angles

, the reflection phase , and the direction of the

rays after the reflection , respectively.

C. The Law of Energy Conservation

With (4) and (5), the path of rays can be calculated for a given

reflection phase but no information about the power

density along the rays is given. With the law of energy conser-

vation, an interrelationship between the amplitude distributions

and on the upper and lower reflector is given. This can be

written in differential form as

(6)

with points and on the upper and lower re-

flector, respectively. is a normalization factor that can be cal-

culated from

(7)

with the minimum and maximum reflector extents

and . The power

reflected from a small rectangle on the upper reflector

is mapped to a rectangle on the lower reflector. The

relation of the power densities on the corresponding

positions on the reflectors is equivalent to the inverse relation

of the rectangle sizes .

D. Calculation of Reflection Phases and

on the Upper and Lower Reflector

With the law of reflection [(4) and (5)] and the law of energy

conservation [(6)], a set of differential equations is given. Sub-

stituting the angles , and in (4) and (5), the

course of the rays and the reflection phase

on the upper reflector is obtained. These angles can

be described in terms of geometrical dimensions

(8)

(9)

(10)

(11)

with the offset feed position and the distance be-

tween the two parallel reflectors.
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Fig. 8. Rays in the x-z plane.

Fig. 9. (Projected) rays in the y-z plane.

For an axially symmetric setup and field configuration, the

three unknowns can be extracted directly from the three differ-

ential equations. In case of an arbitrary two-dimensional phase

distributions and , only an approximate solution is found,

comparable to dual optical reflector configurations [17].

For amplitude distributions and which can be described

by separable functions in and , such as and (approxi-

mately) in this example, the equations can be easily solved

applying an additional mapping restriction. This restriction can

be substituted in the integral form of (6), e.g.,

(12)

All rays being reflected at the upper reflector at the position

are reflected on the lower reflector at the position , inde-

pendent from the position. Thus from (12), a mapping func-

tion is obtained. With this function and (6), a function

can be derived. The rays of the sector beam antenna

in the - and - plane are shown in Figs. 8 and 9, respectively.

Along the axis, the rays are concentrated in the center of the

lower reflector to generate a si-shaped power distribution.

Now knowing the course of the rays, the required reflec-

tion phase is determined integrating (4) and (5).

Choosing appropriate integration constants, the reflection phase

may be calculated as shown in Fig. 10.

The reflection phase on the lower reflector is chosen to com-

pensate the (electrical) length of the rays from the phase center

of the feed to the lower reflector and to adjust the appropriate

phase value of 0 or 180 for positive or negative values of

the si-function. Additionally, the polarization twist is performed

choosing patches with 180 reflection phase difference between

the orthogonal polarizations.

Fig. 10. Calculated reflection phase � (x ; y ) on the upper reflector.

Fig. 11. Photograph of the fabricated double-reflectarray.

IV. REALIZATION OF THE ANTENNA

A 24 sector beam antenna with small beam width in the el-

evation has been realized at 58 GHz. A photograph of the fabri-

cated double-reflectarray is shown in Fig. 11. The two reflectors

are fixed at a distance of 25 mm on a rectangular acryl-frame.

The rectangular feed horn is fixed on a rectangular aluminum

plate. The horn has an aperture of 14 mm 6 mm and is inclined

by 13 to the axis in the plane, as has been described in

Section III-A. Degradation of the far field characteristic could

generally be caused by cross-polarized portions of the feed ra-

diation, leaking directly through the polarizing grid. This can,

however, be neglected due to the fact that a feed horn with low

cross-polarization ( 23 dB) has been chosen for the present

design.

For the lower reflector, a 130 mm 95 mm 0.254 mm

RT/duroid 5880 substrate with is used. There are about

1660 rectangular patches with 2.2 mm 2.2 mm cell size on it.

The upper reflector consists of two 0.254- and 1.41-mm-thick

substrates, both with permittivity and with a polarizing

grid (0.1 mm strip width, 0.25 mm lattice constant) in between.

Fig. 2 shows that 1440 thin patches are placed on the thinner

layer in the direction of the grid stripes.

The cells on the upper and lower reflector do not cover the full

360 reflection phase range. Only about 89% and 79% of the

reflection phase values on the upper and lower reflector, respec-

tively, can be generated with the single layer structure. Unreal-

izable phase values have been approached with the closest avail-

able value, causing local discrepancies from the desired course

of the rays. Choosing an appropriate phase offset for all cells,

the overall deviations can be minimized.



3538 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 53, NO. 11, NOVEMBER 2005

Fig. 12. Normalized measured and simulated far field characteristic in the
E-plane (pencil beam) at 57.6 GHz.

Fig. 13. Normalized measured and simulated far field characteristic in the
H-plane (sector beam) at 57.6 GHz.

Fig. 14. Measured normalized far field characteristic at 57.6 GHz from �35
to 0 dB.

V. MEASUREMENT RESULTS

The measurement results show good agreement with the sim-

ulated array factor in the E- and H-plane (Figs. 12 and 13). Only

in the sector-plane, side lobes arise up to 15 dB, mainly due to

amplitude and phase deviations of single cells from the nominal

value, effectuated by fabrication tolerances or rounded reflec-

tion phase values, as explained in Section IV. Outside of this

main plane, the side lobes are much lower (Fig. 14).

Fig. 15. Sector slope caused by inaccurate phase and amplitude reproduction.

The inclination of the sector characteristic between 12 is

caused by a unwanted curvature of the upper reflector in the ex-

perimental setup and “refilling” of the si-function zeros due to

suboptimal realization of the desired amplitude and phase dis-

tribution as demonstrated in Fig. 15. The distributions have to

fulfill the Nyquist condition as they are represented by a dis-

crete array. Thus the distributions chosen for this example can

only be synthesized approximated as the array constant does not

fulfill the nyquist condition completely. Other distributions, un-

like the rectangular phase distribution and the undifferentiable

amplitude distribution si , can be synthesized much more pre-

cisely, and even better results are expected.

The antenna bandwidth is limited by the narrow-band be-

havior of the two reflectarrays. Within a bandwidth of more than

1 GHz, which is sufficient for many applications, the inclination

of the sector and the side lobes are small. The pencil character-

istic changes only marginally over the frequency. In the sector

plane, the sector slope increases at higher frequencies and de-

creases at lower frequencies. The side lobes arise at lower fre-

quencies and decrease at higher frequencies in a 1 GHz fre-

quency range.

Due to tolerances in the etching process of the substrates, the

patch dimensions of the realized reflectors are on average about

25 m larger than the nominal value. This results in a 0.4 GHz

shift to lower frequencies and to deviations from the simulated

far field pattern.

VI. CONCLUSION

A new double-reflector arrangement for synthesizing phase

and amplitude distribution along a planar reflectarray has been

presented. A combination of a reflectarray and a polarizing grid

has been used to generate the desired amplitude distribution on
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the lower reflectarray, which is used to twist the polarization

and to adjust the phase. As the upper reflector has about the

same size as the lower reflector, the desired amplitude distribu-

tion can be synthesized in much more detail than with an elec-

trically small subreflector, which is usually used in optical re-

flector setups. The law of reflection for frequency-selective sur-

faces is introduced, and a design procedure for reflection phases

of the two reflectors using the law of energy conservation is pre-

sented. A sector-beam antenna is designed and results are veri-

fied by measurements.
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